Evidence suggests that NMDA-type glutamate receptors contribute to degeneration of striatal medium-sized spiny neurons (MSNs) in Huntington's disease (HD). Previously, we demonstrated that NMDA receptor (NMDAR)-mediated current and/or toxicity is increased in MSNs from the yeast artificial chromosome (YAC) transgenic mouse model expressing polyglutamine (polyQ)-expanded (mutant) full-length human huntingtin (htt). Others have shown that membrane-associated guanylate kinases (MAGUKs), such as PSD-95 and SAP102, modulate NMDAR surface expression and excitotoxicity in hippocampal and cortical neurons and that htt interacts with PSD-95. Here, we tested the hypothesis that an altered association between MAGUKs and NMDARs in mutant huntingtin-expressing cells contributes to increased susceptibility to excitotoxicity. We show that htt coimmunoprecipitated with SAP102 in HEK293T cells and striatal tissue from wild-type and YAC transgenic mice; however, the association of SAP102 with htt or the NMDAR NR2B subunit was unaffected by htt polyQ length, whereas association of PSD-95 with NR2B in striatal tissue was enhanced by increased htt polyQ length. Treatment of cultured MSNs with Tat-NR2B9c peptide blocked binding of NR2B with SAP102 and PSD-95 and reduced NMDAR surface expression by 20% in both YAC transgenic and wild-type MSNs, and also restored susceptibility to NMDAR excitoxicity in YAC HD MSNs to levels observed in wild-type MSNs; a similar effect on excitotoxicity was observed after knockdown of PSD-95 by small interfering RNA. Unlike previous findings in cortical and hippocampal neurons, rescue of NMDA toxicity by Tat-NR2B9c occurred independently of any effect on neuronal nitric oxide synthase activity. Our results elucidate further the mechanisms underlying enhanced excitotoxicity in HD.
Introduction
NMDA-type glutamate receptors play a critical role in synaptic plasticity (Bliss and Collingridge, 1993) as well as mechanisms underlying neurodegeneration, including Huntington's disease (HD) (Waxman and Lynch, 2005; Cowan and Raymond, 2006) . NMDA receptors (NMDARs) contain two NR1 subunits with two of NR2A, NR2B, NR2C, and/or NR2D (Dingledine et al., 1999) . NR2 subunits determine receptor-channel properties and interactions with scaffolding proteins and signaling networks (Dingledine et al., 1999; Hardingham and Bading, 2003; Prybylowski and Wenthold, 2004) , influencing the balance between neuronal survival and dysfunction or death.
Several lines of evidence support a role for altered NMDAR function in HD (DiFiglia, 1990; , which is caused by a polyglutamine (polyQ) repeat expansion Ͼ35 near the N terminus of the protein huntingtin (Huntington's Disease Collaborative Research Group, 1993) . HD is characterized by selective neuronal degeneration, affecting striatal GABAergic medium-sized spiny neurons (MSNs) most severely (Vonsattel and DiFiglia, 1998) . These neurons are enriched in NR2B-containing NMDARs compared with other NR2 subunits and other brain regions (Landwehrmeyer et al., 1995; Christie et al., 2000; Li et al., 2003) . Previous work in mouse and cellular models of HD suggests NR2B-containing NMDARs are functionally altered in HD and contribute to neuronal dysfunction and susceptibility to apoptosis (Chen et al., 1999; Levine et al., 1999; Cepeda et al., 2001; Zeron et al., 2001 Zeron et al., , 2002 Song et al., 2003; Starling et al., 2005; Tang et al., 2005; Milnerwood et al., 2006; Shehadeh et al., 2006; . However, the molecular mechanisms underlying mutant huntingtin's effect on NMDAR function have not been fully elucidated.
Membrane-associated guanylate kinases (MAGUKs), including PSD-93, PSD-95, SAP97, and SAP102, act as scaffolds to facilitate signaling by anchoring key enzymes close to glutamate receptors (Fujita and Kurachi, 2000) . The second PSD-95/Discs large (Dlg)/ZO-1 (PDZ) domain in PSD-95 and SAP102 binds to the NR2A or NR2B C-terminal tSXV motif (Niethammer et al., 1996) . This interaction regulates forward trafficking and stability of NMDARs at surface membranes and synapses (Roche et al., 2001; Lin et al., 2004; Prybylowski et al., 2005) and contributes to toxic signaling downstream of NMDAR activation via PSD-95-mediated coupling to neuronal nitric oxide synthase (nNOS) (Aarts et al., 2002) . Notably, the PSD-95 Src homology 3 (SH3) domain interacts directly with the polyproline region of huntingtin in vitro, in a polyQ length-dependent manner, and these proteins coassociate in human brain tissue (Sun et al., 2001) .
Here, we investigate the importance of the PSD-95 and SAP102 interaction with NR2B-containing NMDARs in mechanisms underlying enhanced NMDAR surface expression and excitotoxicity previously documented in mutant huntingtin-expressing MSNs (Zeron et al., 2002; Shehadeh et al., 2006; . We used transfected HEK293T cells, as well as striatal MSNs and tissues from wild-type (WT) mice or the yeast artificial chromosome (YAC) transgenic HD mouse model expressing full-length human huntingtin with polyQ lengths of 18 (control), 72, and 128 (pathogenic) (Hodgson et al., 1999; Slow et al., 2003) , to show that altered NR2B binding with PSD-95 contributes to enhanced NMDA toxicity independently of nNOS activation.
Materials and Methods
Cell culture and transient transfection. HEK293T cells (human embryonic kidney cells expressing simian virus 40 large T antigen) were maintained in modified Eagle's medium (Invitrogen) with penicillin/streptomycin, ␣-glutamine, sodium pyruvate, and 10% fetal bovine serum (Invitrogen). Cells were transfected using the calcium-phosphate precipitation method (Chen and Okayama, 1987) , with a 1:1 transfection solution of 250 mM CaCl 2 and 2ϫ N, N-bishydroxyethyl-2-aminoethane-sufonic acid (BES) (50 mM BES, 280 mM NaCl, and 1.5 mM Na 2 HPO 4 , pH 6.98). Ten to 12 g of plasmids were mixed with 1 ml of transfection solution per 10 cm plate. Cells were transfected for 6 -8 h in a 37°C, 3% CO 2 incubator and then washed once with PBS to stop transfection. cDNA plasmids encoding NR1A, NR2B, htt15, and htt138 (htt15 and htt138 encode full-length human htt containing 15 and 138 polyQ, respectively) have been described previously (Chen et al., 1999) . The cDNA construct for myc-tagged SAP102 (Müller et al., 1996) was a generous gift from Dr. R. L. Huganir (Johns Hopkins Medical Institutions, Baltimore, MD). The cDNA plasmid for PSD-95, described previously , was a gift from Dr. A. El-Husseini (University of British Columbia, Vancouver, British Columbia, Canada) .
Transgenic mice. The following lines of YAC transgenic mice, YAC18 (line 212) (similar to line 29) , YAC72 (line 2511) (Hodgson et al., 1999) , and YAC128 (line55) (Graham et al., 2006a) , were used as models expressing full-length human htt containing 18 (control), 72, and 128 (pathogenic) polyQ repeats (18Q, 72Q, 128Q), respectively, and compared with FVB/N WT mice. Offspring of crosses between two homozygous YAC transgenic mice on a pure FVB/NJ strain background were used for experiments (Hodgson et al., 1999) . All mice were housed and tested and tissue was harvested according to guidelines of the University of British Columbia and the Canadian Council for Animal Care.
Primary striatal neuronal culture. Nitric-acid-treated 12 mm glass coverslips were placed in 24-well plates coated with poly-D-lysine (250 g/ ml). Striatal tissues were dissected from postnatal days 0 -1 YAC transgenic mice or wild-type FVB/N mice in HBSS (Invitrogen) on ice, digested in papain, and further dissociated in trypsin inhibitor solution. MSNs were then transferred to serum-free plating medium [B27, penicillin/streptomycin, ␣-glutamine, and Neurobasal medium (Invitrogen)] and plated at a density of ϳ2 ϫ 10 5 cells per well as described previously (Zeron et al., 2002) . Approximately 80 -90% of the cells cultured in serum-free media have the characteristics of MSNs (Kovács et al., 2001; Zeron et al., 2004; Shehadeh et al., 2006) .
Western blotting and immunoprecipitation. Homogenized 4-or 8-week-old YAC transgenic mice striatal tissues, cultured MSNs at 9 -10 d in vitro (DIV), or HEK293T cells (30 -32 h after transfection) were harvested, lysed in 1% NP-40-containing lysis buffer (50 mM Tris, pH 8.0, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1 mM PMSF, 2 g/ml aprotinin, 2 g/ml leupeptin, 4 g/ml pepstatin A, 30 mM NaF, 40 mM ␤-glycerophosphate, 20 mM sodium pyrophosphate, 1 mM sodium orthovanadate, and 10 M ZVAD, in Milli-Q water), and solubilized by ultrasonication. The lysates were incubated overnight with equilibrated 50% Protein A/G beads and antibodies. Beads of each sample were then washed with Tris wash buffer (50 mM Tris, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, and 1% Triton X-100 in Milli-Q water) and heated at 95-99°C in protein sample buffer (0.125 M Tris, pH 6.8, 2% SDS, 10% glycerol, and 72 mg/ml dithiothreitol, with Pyronin Y in Milli-Q water). Paired samples were run on 8% SDS-PAGE and then transferred from gels to polyvinylidene difluoride membranes (Bio-Rad) and subjected to immunoblotting. Densitometry of resulting bands was analyzed using NIH ImageJ or Scion Image software. The band densities for YAC72 and YAC128 were normalized to those of either WT or YAC18 (controls) that were run on the same gel because of variability in antibody sensitivity and exposure times between experiments.
Surface and internal NR1 and GluR1 staining. Cultured MSNs were treated with 200 nM or 1 M Tat-NR2B peptides for 1 h on DIV 9 or 10 and fixed with 4% paraformaldehyde (PFA) for 12 min. Fixed MSNs were numbered according to different conditions and coded before staining to ensure that the operator was blinded during the subsequent processing and analysis of immunofluorescence. MSNs were then blocked with 10% NGS and incubated with anti-NR1 or anti-GluR1 primary antibody for 1.5 h at room temperature (RT), washed with PBS, and then incubated with green secondary antibody (anti-mouse or antirabbit) for 45 min to 1 h at RT. MSNs were again washed with PBS and permeabilized with 0.5% Triton X-100 for 5 min. Then MSNs were blocked again with 10% NGS and incubated with anti-NR1 or antiGluR1 primary antibody for 1.5 h at RT. MSNs were washed with PBS and incubated with red secondary antibody (anti-mouse or anti-rabbit) for 45 min to 1 h at RT. MSNs were washed with PBS and mounted on slides with Fluoromount-G (Southern Biotechnology Associates). Ten to 12 pictures of immunofluorescent single MSNs per each coverslip were taken using a 63ϫ lens in the red and green fluorescent channels by Northern Eclipse software. Photomicrographs were analyzed by NIH ImageJ by measuring the mean fluorescence intensity of processes and soma of each MSN after background subtraction, as described previously . The surface/internal ratio of NR1 or GluR1 was calculated as the green/red fluorescent channel intensity for each MSN.
NMDA-and staurosporine-induced cytotoxicity. Cultured MSNs were pretreated with 200 nM Tat-NR2B9c peptides for 1 h and/or 100 M N-nitro-L-arginine (N-Arg) (nNOS inhibitor; from Sigma-Aldrich) for 40 min on DIV 9 and then incubated in warm balanced salt solution (BSS), pH 7.4, with or without 500 M NMDA for 10 min. MSNs were washed twice with warm plating medium (PM) and then incubated in conditioned PM (without Tat peptides) for 24 h. In each experiment, apoptosis 24 h after 10 min treatment with BSS alone, without NMDA, was assessed and ranged from 4 to 25%; this value was subtracted from the total cell death induced by NMDA in each experiment to calculate the specific NMDAR-mediated apoptosis. In experiments assessing apoptosis induced by staurosporine, this drug was added to the medium to a final concentration of 10 M after peptide treatment and maintained for 24 h. Then MSNs were washed with PBS once and fixed with 4% PFA for 1 h.
Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling assay and assessment of apoptosis. Fixed MSNs were numbered according to different conditions and coded before staining to ensure that the operator was blinded during the subsequent processing and analysis of immunofluorescence. MSNs were further permeabilized with 0.25% Triton X-100 in PBS with 0.5% sodium citrate on ice for 2 min. MSNs were then washed once with PBS and incubated in PBS with 16 g/ml RNase at RT for 30 min. MSNs were washed with PBS and incubated in terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick end labeling (TUNEL) (Roche) reagent (at a ratio of label/enzyme of 9:1) per well in the dark for 1 h, followed by one wash with PBS and staining with 8 M propidium iodide (PI) or 10 M Hoechst 33342. MSNs were then washed with PBS and mounted on slides with Fluoromount-G. The second day after staining, the percentage of apoptotic cell death was assessed by counting the numbers of TUNELpositive cells in the green fluorescent channel, which also showed condensed and blebbed nuclear morphology in the red (or blue) fluorescent channel, and then dividing by the total number of PI (or Hoechst)-positive cell nuclei in the red (or blue) fluorescent channel and multiplying by 100. A total of 1000 neurons were counted per condition. The percentage of apoptotic cell death of MSNs exposed to BSS alone was subtracted as a baseline from each of the other conditions.
Small interfering RNA knockdown. The control ["scrambled" small interfering RNA (siRNA); sc-36869; or nontargeting siRNA, D-001950-01] and PSD-95 siRNA (sc-42012) and NE-Dlg (neuronal and endocrine DIg) (SAP102) siRNA (sc-42007) were purchased from Santa Cruz Biotechnology or Dharmacon (Thermo Fisher Scientific). At DIV 7 or 8, cultured MSNs were transfected with siRNA by DharmaFECT siRNA transfection reagent 3 (T-2003-01; Dharmacon/Thermo Fisher Scientific), in complete medium containing B-27 (Trushina et al., 2006) . On DIV 9 or 10, MSNs were treated as described above (see NMDA-and staurosporine-induced cytotoxicity), fixed on DIV 10 or 11, and then forward to immunostaining. For detecting the knockdown efficiency by Western blotting, 35 mm dishes of MSNs with or without siRNA transfection were directly harvested 72 h later on DIV 10 or 11.
cGMP assay. On DIV 9, cultured MSNs were pretreated 1 h with N-Arg and/or Tat-NR2B9c or ifenprodil (IFN), incubated in warm BSS with or without 500 M NMDA for 1 min, and then immediately forwarded to Amersham cGMP Enzymeimmunoassay Biotrak (EIA) System kit (RPN226; GE Healthcare), as per the instructions of the manufacturer. The concentrations of cGMP in 96-well plates were determined by a microplate reader (Multiskan Ascent; Labsystems) at 630 nm.
Peptides. The Tat-NR2B9c and Tat-NR2BAA peptides were originally a gift from Dr. M. Tymianski (University of Toronto, Toronto, Ontario, Canada) and later purchased from AnaSpec. The peptides were dissolved in sterile Milli-Q water to make 1 mM stock solution and stored at Ϫ80°C.
Antibodies. The immunocytochemistry was done with a mouse monoclonal antibody against NR1A (2 g/ml; catalog #MAB363; Millipore Bioscience Research Reagents), rabbit polyclonal anti-GluR1 antibody (1 g/ml; catalog #06-306; Millipore Bioscience Research Reagents), antimouse Alexa Fluor 488 (1:2000; A-11029; Invitrogen), anti-rabbit Alexa Fluor 488 (1:2000; A-11008; Invitrogen), anti-rabbit Alexa Fluor 594 (1:2000; A-11012; Invitrogen), and anti-mouse cyanine 3 (1:200; 715-165-150; Jackson ImmunoResearch). Antibodies used for immunoprecipitation (IP) and/or to probe Western blots included the following: rabbit polyclonal anti-NR2B (1 g/ml, catalog #06-600; Millipore Bioscience Research Reagents); mouse monoclonal anti-NR2B (1:250, catalog #610417; Transduction Laboratories); mouse monoclonal anti-NR2B (1 g/ml; catalog #MA1-2014; Affinity BioReagents); rabbit polyclonal anti-NR2A (1 g/ml, catalog #07-632; Millipore Bioscience Research Reagents); anti-huntingtin mouse monoclonal antibody (1 g/ml; catalog #MAB2166; Millipore Bioscience Research Reagents); anti-huntingtin human-specific mouse monoclonal antibody (HD650, used at 1:500) (Warby et al., 2005) ; anti-SAP102 mouse monoclonal antibody (1 g/ml; catalog #VAM PS006; Stressgene); anti-SAP102 rabbit polyclonal antibody (1:400; catalog #AB5170; Millipore Bioscience Research Reagents); anti-SAP102 mouse monoclonal antibody (1 g/ml, catalog #75-058; NeuroMAB); anti-SAP102 rabbit polyclonal antibody (used at 8 g/ml; a gift from Dr. R. Wenthold (National Institutes of Health, Bethesda, MD); anti-myc MAB-4A6 (1 g/ml; catalog #05-724; Millipore Bioscience Research Reagents), anti-PSD-95 (1 g/ml, catalog #75-028; NeuroMAB), anti-PSD-95 (1:200; MA1045; Affinity BioReagents), and anti-actin (1 g/ml; sc-1616; Santa Cruz Biotechnology). Horseradish peroxidase-linked secondary antibodies for Western blotting are anti-mouse IgG antibody (NA931V) and anti-rabbit IgG antibody (NA934V), both from GE Healthcare and used at 1:5000.
Data analysis. Figures, tables, and statistical analyses were generated using Microsoft Excel, Northern Eclipse, NIH ImageJ, Origin 6.0, Prism 4.0, or Adobe Photoshop 7.0 software. Data or bars are presented as the mean Ϯ SEM. Significant differences were determined using the unpaired or paired, two-tailed Student's t test, one-way ANOVA, or twoway ANOVA, as appropriate.
Results

Association of htt with PSD-95 and SAP102
Previous studies in transfected heterologous cells and human brain tissue have demonstrated that htt associates with PSD-95 via the polyproline and SH3 domains, respectively, and that polyQ expansion weakens that interaction (Sun et al., 2001) . We tested these observations in the YAC transgenic mouse model of HD. First, we found no significant difference in expression levels of PSD-95 across YAC genotypes (18, 72, and 128) and WT mouse striatal tissue (for representative blot, see Fig. 1 A) (quantitative data not shown). As predicted from the previous studies in heterologous cells and human brain tissue, we also found that coassociation of htt and PSD-95 was decreased significantly in striatal tissue from YAC128 transgenic mice compared with WT ( Fig. 1 A) . In the example blot, there is a clear decrease in co-IP of PSD-95 with htt for YAC128 but not for YAC72; this reflects the group data ( Fig. 1 A, shown in the bar graph below the blot) in that the YAC72 results were quite variable and not significantly different from WT.
SAP102 is a member of the PSD-95 family of MAGUK proteins and shows high homology with PSD-95 in the SH3 as well as PDZ domains (Kim and Sheng, 2004) . To determine whether SAP102 could also associate in a complex with htt, we repeated the previous experiments probing for SAP102. Similar to results for PSD-95, expression levels of SAP102 were not significantly different in YAC18, YAC72, and YAC128 striatal tissues (as illustrated in Fig. 1 B) (quantitative data not shown). Moreover, SAP102 coimmunoprecipitated with htt in striatal tissue from all genotypes of YAC transgenic mice (Fig. 1 B) , but no significant differences in coassociation of SAP102 and htt were found between genotypes. Notably, SAP102 also coimmunoprecipitated with htt (both full-length human htt containing 15 and 138 polyQ: htt15 and htt138, respectively) in lysates from transfected HEK293T cells (Fig. 1C) . SAP102/htt band density ratio was 0.72 Ϯ 0.14 for htt15-transfected cells and 0.50 Ϯ 0.06 for htt138-transfected cells ( p ϭ 0.23 by Student's paired t test for nine experiments). This result suggests that the association between these proteins may be direct as it is for htt and PSD-95 (Sun et al., 2001) , although there is no significant difference in the htt-SAP102 association with htt15 or htt138 expression.
Effect of mutant htt expression on interaction of NR2B with PSD-95 and SAP102
Both SAP102 and PSD-95 interact with NR2A and NR2B subunits (Niethammer et al., 1996; Sans et al., 2000) , and interaction of NR2B with these MAGUKs has been shown to regulate NMDAR surface expression and synaptic localization (Roche et al., 2001; Chung et al., 2004; Prybylowski et al., 2005) , as well as excitotoxicity (Aarts et al., 2002) . Previously, we have shown that, in cultured MSNs from YAC transgenic mice, NMDAR-mediated apoptosis increases with htt polyQ length (Zeron et al., 2002; Shehadeh et al., 2006) and that NR2B-containing NMDAR surface expression is significantly increased in YAC72 compared with WT MSNs .
To determine whether mutant htt expression alters interaction between NR2B-containing NMDARs and SAP102 or PSD-95, we immunoprecipitated NR2B from striatal tissue of YAC transgenic mice and probed for these MAGUK proteins. As illustrated in Figure 2 A, we found that association between NR2B and PSD-95 significantly increased with increasing polyQ length (PSD-95/NR2B band density ratio was 0.69 Ϯ 0.13 for WT, 1.14 Ϯ 0.23 for YAC72, and 1.47 Ϯ 0.27 for YAC128 MSNs). In contrast, the extent of NR2B binding with SAP102 was similar for all YAC genotypes (Fig. 2 B) . Although we quantified results from experiments in which WT tissue served as a control for the PSD-95/NR2B co-IP whereas YAC18 tissue was the control for the SAP102/NR2B co-IP, when we did compare YAC18 and WT results with the other YAC genotypes in one or more experiments, these two controls showed highly similar results for co-IP of either PSD-95 or SAP102 with NR2B. Notably, the enhanced interaction of PSD-95 with the NMDAR is specific for the NR2B type, because the binding of NR2A and PSD-95 was similar for WT and all YAC genotypes (Fig. 2C ).
Figure1. AssociationofhuntingtinwithPSD-95andSAP102.A,PSD-95associateswithhttinYAC transgenic mouse striatal tissues. Lysates from 4-to 8-week-old mouse striatal tissue were immunoprecipitated with MAB2166 or HD650 (an anti-human htt-specific antibody). The blot was cut into two parts along the 160 kDa marker and probed with anti-htt and anti-PSD-95 antibodies, respectively. The mean band density ratio of PSD-95 to huntingtin for pooled data is shown below (in each experiment, YAC72 and/or YAC128 were run on same gel as YAC18, and band density ratios were normalized to those in YAC18 lane). Significant by one-way ANOVA and Bonferroni's post hoc tests, *p Ͻ 0.05 (n ϭ 3). B, SAP102 associates with huntingtin in YAC transgenic mouse striatal tissue. Lysates from 4-week-old YAC transgenic mouse striatal tissue were immunoprecipitated with MAB2166 or HD650. The blot was cut into two parts along the 160 kDa marker and probed with anti-htt and anti-SAP102 antibodies, respectively. Pooled data for SAP102/htt density ratios are shown below representative blot. Ratios are similar across all three genotypes (in each experiment, YAC72 and/or YAC128 were run on same gel as YAC18, and band density ratios were normalized to those in YAC18 lane). p Ͼ 0.05 by one-way ANOVA; n ϭ 7 for YAC18 and YAC72, n ϭ 5 for YAC128. C, SAP102 associates with huntingtin in HEK293T cells. Lysates from HEK239T cells transfected with full-lengthhtt15orhtt138,andSAP102wereimmunoprecipitatedandprobedasdescribedinB.Note that SAP102/htt density ratios are similar for htt15 and htt138. A, Mutant htt expression alters the association of PSD-95 with NR2B in vivo. NR2B was immunoprecipitated from lysates of 8-week-old WT and YAC transgenic mouse striatal tissue using an anti-NR2B antibody (Affinity BioReagents), and proteins were subjected to Western blot analysis. The blot was cut into two parts along the 160 kDa marker and probed with anti-NR2B and anti-PSD-95 antibodies, respectively. The mean band density ratio of PSD-95 to NR2B for pooled data is shown below (in each experiment, YAC72 and/or YAC128 were run on same gel as WT, and band density ratios were normalized to those in WT lane). Significant by one-way ANOVA and Bonferroni's post hoc tests, *p Ͻ 0.05,***pϽ0.001(nϭ8forWT;nϭ7forYAC72andYAC128).B,Representativeblotshowingthat coimmunoprecipitationofSAP102withNR2Bin4-week-oldYACmousestriataltissueisnotalteredby htt repeat length. Pooled data for the mean band density ratio of SAP102 to NR2B is shown (in each experiment, YAC72 and/or YAC128 were run on same gel as YAC18, and band density ratios were normalized to those in YAC18 lane). There is no significant difference by one-way ANOVA, p Ͼ 0.05 (nϭ6forYAC18andYAC128;nϭ5forYAC72).C,Representativeblotshowingthatcoimmunoprecipitation of PSD-95 with NR2A in 8-week-old YAC mouse striatal tissue is not altered by htt polyQ repeat length. Pooled data for the mean band density ratio of PSD-95 to NR2A is shown. There is no significantdifferencebyone-wayANOVA,pϾ0.05(nϭ3forYAC18;nϭ5forWTandYAC72;nϭ 4 for YAC128).
Tat-NR2B9c peptide perturbs NR2B interaction with PSD-95 and SAP102 in cultured MSNs
We hypothesized that polyQ-expanded htt in a complex with MAGUKs and NMDARs functionally alters the interaction between NR2B and PSD-95 and/or SAP102, thereby contributing to the enhanced NMDAR surface expression and/or toxicity described previously in YAC mutant transgenic mouse MSNs (Zeron et al., 2002; Shehadeh et al., 2006; . To test this hypothesis, we used a Tat-fused peptide identical to the C-terminal 9 aa of NR2B (Tat-NR2B9c) to disrupt NR2B binding to PDZ-containing proteins, as described previously (Aarts et al., 2002) . In that study, 100 M Tat-NR2B9c was required to disrupt PSD-95 binding to NR2B in rat forebrain lysates ex vivo.
To determine the peptide concentration range required to uncouple NR2B from PSD-95 and SAP102 in live cells, we treated transfected HEK293T cells for 1 h with various peptide concentrations. In experiments in HEK293 cells, we found that, compared with treatment with the control peptide Tat-NR2BAA, TatNR2B9c significantly reduced the amount of PSD-95 (36 Ϯ 9% by 1 M Tat-NR2B9c, *p Ͻ 0.05, n ϭ 5; and 42 Ϯ 9% by 200 nM Tat-NR2B9c, **p Ͻ 0.01, n ϭ 6; normalized to Tat-NR2BAA and tested by one-sample t test; data not shown), as well as SAP102 (49 Ϯ 11% by 1 M Tat-NR2B9c, *p Ͻ 0.05 by paired Student's t test, n ϭ 5; data not shown) that coimmunoprecipitated with NR2B. We also tested the efficacy of 1 M and 200 nM TatNR2B9c in uncoupling NR2B and PSD-95 or SAP102 in live, cultured YAC128 MSNs. Similar to results in transfected HEK293T cells, we found a reduction (by ϳ50% for both 1 M and 200 nM peptide concentrations) in the amount of PSD-95 (Fig. 3 A, C) , as well as SAP102 (by ϳ50% for 1 M and ϳ65% for 200 nM peptide concentrations) (Fig. 3 B, C) , that coimmunoprecipitated with NR2B compared with neurons treated with Tat-NR2BAA. The pooled data of the reduction in PSD-95 or SAP102 to NR2B band intensity ratios (normalized to paired Tat-NR2BAA at same concentration) by both 200 nM and 1 M Tat-NR2B9c concentrations are shown in Figure 3D .
Tat-NR2B9c or knockdown of PSD-95 reduces NMDAinduced apoptosis in YAC72 and YAC128 MSNs but not WT MSNs
Interaction between NMDARs and PDZ-containing proteins, especially PSD-95, has been postulated to contribute to NMDARmediated excitotoxicity by anchoring signaling proteins such as nNOS in close proximity with NMDAR-mediated calcium influx (Aarts et al., 2002; Sattler and Tymianski, 2000) . Furthermore, the number of surface NMDARs would be expected to regulate calcium influx in response to excitotoxic insults and therefore affect the level of NMDA-induced apoptosis.
We therefore treated cultured MSNs with Tat peptides to determine whether Tat-NR2B9c could protect these neurons from NMDA-induced toxicity. We chose to use a concentration of 200 nM rather than 1 M because we found 200 nM to be the lowest effective concentration for reducing surface NMDAR expression (see Fig. 6C ) (also, in pilot experiments, 50 nM Tat-NR2B9c showed no effect on NMDA-induced surface expression or toxicity; data not shown). Plates of WT, YAC72, and YAC128 MSNs were processed in parallel to assess the proportion of apoptotic cells, using the TUNEL stain to identify apoptotic neurons and the PI stain to identify all nuclei (representative photomicrograph shown in Fig. 4 A) .
Remarkably, we found that 200 nM Tat-NR2B9c significantly reduced NMDA-induced cell death in YAC72 and YAC128 MSNs (by ϳ35% compared with treatment with NMDA alone or in combination with 200 nM Tat-NR2BAA, as shown in Fig. 4 B) . Moreover, the proportion of NMDA-induced apoptotic neurons in Tat-NR2B9c-treated YAC72 and YAC128 MSNs was equivalent to that observed for WT MSNs under all three experimental conditions (Tat-NR2B9c had no apparent effect on NMDAinduced apoptosis in WT MSNs). Similar to previous findings from our laboratory (Shehadeh et al., 2006) , we found that the proportion of apoptotic MSNs in groups treated with NMDA alone (without peptides) was significantly higher for YAC72 and YAC128 MSNs compared with WT MSNs (ϳ19% for WT, 31% for YAC72, and 31% for YAC128 MSNs) (Fig. 4 B) . Importantly, treatment with Tat-NR2BAA had no significant effect on NMDA-treated MSNs. Furthermore, 200 nM Tat-NR2B9c or Tat-NR2BAA alone did not cause significant apoptosis (data not shown). As a control for specificity of the neuroprotective effect of Tat-NR2B9c, we found that 1 h pretreatment with 200 nM Tat-NR2B9c did not alter the extent of apoptosis induced by 10 M staurosporine in cultured YAC72 MSNs (Fig. 4C) .
To test whether PSD-95 or SAP102 is necessary for elevated NMDA-induced toxicity in YAC HD MSNs, we used siRNA to knockdown expression of PSD-95 (Fig. 5A) or SAP102 (for representative blots, see Fig. 5D ) (knockdown of SAP102 expression levels, measured by SAP102/actin ratio, ranged from ϳ30 to 80% . D, The pooled data of the reduction of either PSD-95 or SAP102 (MAGUK) to NR2B band intensity ratio by both 200 nM and 1 M Tat-NR2B9c concentrations (normalized to its paired Tat-NR2BAA at the same concentration as Tat-NR2B9c). For the four bars from left to right, *p Ͻ 0.05, n ϭ 3; *p Ͻ 0.05, n ϭ 8; *p Ͻ 0.05, n ϭ 4; **p Ͻ 0.01, n ϭ 3, compared with its paired Tat-NR2BAA at the same concentration (data not shown, all equal to 1), by paired one-sample t test, respectively. and was significant for both WT and YAC128 in comparing lysates from control siRNA versus SAP102 siRNA-treated cultured MSNs, n ϭ 3, p Ͻ 0.05 by paired t test for each genotype). After 72 h treatment with siRNA, MSNs were exposed to 500 M NMDA with or without 200 nM Tat-NR2B9c. We found that the NMDA-induced toxicity in YAC128 MSNs was reduced to WT levels by PSD-95 siRNA (Fig. 5 B, C) and that the effect of TatNR2B9c peptide was not additive to that of PSD-95 knockdown. As a control, we found that the nontargeting siRNA did not alter NMDA-induced toxicity in either WT or YAC128 MSNs. In contrast, SAP102 siRNA had no effect on NMDA-induced toxicity in both WT and YAC128 MSNs (Fig. 5E) , whereas Tat-NR2B9c peptide still reduced NMDA-induced toxicity of YAC128 to that of WT in both the presence and absence of SAP102 knockdown.
Tat-NR2B9c peptide reduces surface NMDAR levels in cultured MSNs
After establishing the peptide concentrations required for dissociating NR2B from PSD-95 and SAP102 in live cells, we assessed the effect of 1 M Tat-NR2B9c on the proportion of NR1 expressed at the plasma membrane of cultured MSNs (Fig. 6 A, B) . This peptide concentration significantly decreased NR1 surface expression in WT and YAC72 MSNs for treatment with TatNR2B9c compared with Tat-NR2BAA, although the effect was relatively small. We obtained similar results for treatment with 200 nM Tat-NR2B9c versus Tat-NR2BAA (the surface to internal NR1 ratio after treatment with Tat-NR2B9C normalized to that after Tat-NR2BAA treatment was 0.73 Ϯ 0.04 for WT and 0.82 Ϯ 0.03 for YAC72, n ϭ 4, p Ͻ 0.05 by paired t test for each genotype); therefore, at this concentration of Tat peptides, which was also used in the toxicity assays, NMDAR surface expression remained enhanced for YAC72 compared with WT MSNs. As a control, GluR1 surface expression was also assessed and showed no difference between MSNs treated with Tat-NR2B9c or the control peptide (Fig. 6C ). Our results demonstrate that peptide concentrations shown to disrupt the binding of NR2B with PSD-95 or SAP102 also reduce NMDAR surface expression equally well in WT and YAC72 MSNs. This finding indicates that the decreased surface NMDAR level cannot fully explain the specific effect of Tat-NR2B9c peptide on NMDA-induced toxicity in YAC HD MSNs.
nNOS inhibitor reduces NMDA-induced apoptosis in YAC72 and YAC128 MSNs but not WT MSNs
PSD-95 has been postulated to contribute to NMDAR-mediated excitotoxicity by anchoring signaling proteins, such as nNOS, in close proximity with NMDAR-mediated calcium influx (Sattler and Tymianski, 2000; Aarts et al., 2002) . Furthermore, a previous study showed that nitric oxide released from nNOS-interneurons could promote release of intracellular calcium from mitochondria in MSNs (Horn et al., 2002) and thus contribute to NMDAinduced cell death. Therefore, we treated cultured MSNs with nNOS inhibitor (N-Arg) and/or Tat peptides to determine whether the effect of Tat-NR2B9c is equivalent to that of an nNOS inhibitor on NMDA-induced toxicity. Interestingly, we found that 200 nM Tat-NR2B9c has a similar effect as an nNOS inhibitor on NMDA-induced cell death in both WT and YAC HD MSNs, and the combination of these two treatments did not show any significant additive effect (as shown in Fig. 7 A, B) . This finding suggested that inhibition of nNOS signaling could contribute to the protection afforded by Tat-NR2B9c against NMDARdependent toxicity in YAC HD MSNs.
To further assess a role for nNOS signaling in the effect of Tat-NR2B9c on NMDA toxicity, we repeated these treatments and measured the cGMP production as a readout for nNOS activity. We found that NMDA-stimulated cGMP production was abolished by 100 M N-Arg, partially reduced by ifenprodil, and not significantly affected by either 200 nM or 1 M Tat-NR2B9c (as shown in Fig. 7C,D) . Thus, interference with the nNOS pathway cannot explain the protective effect of Tat-NR2B9c on NMDA toxicity in YAC HD MSNs.
Discussion
Altered NMDA receptor function and increased neuronal sensitivity to excitotoxicity have been proposed as candidate mechanisms for selective neuronal dysfunction and degeneration in HD based on studies in human autopsy brain tissue, as well as cellular and animal models of HD (Young et al., 1988; Albin et al., 1990 ; Tat -NR2B9c and exposure to 500 M NMDA showed a 37.4 Ϯ 2.7% reduction for YAC72 and 33.6 Ϯ 6.6% reduction for YAC128 compared with 200 nM Tat-NR2BAA pretreatment and 500 M NMDA exposure (mean values calculated after subtraction of percentage apoptosis in NMDA-untreated condition for each experiment). Tested by two-way ANOVA, significant for both genotype and treatment, n ϭ 4; F (2,50) ϭ 6.34, p Ͻ 0.005 for genotype; F (5,50) ϭ 63.9, p Ͻ 0.0001 for treatment (*p Ͻ 0.05, **p Ͻ 0.01, by Bonferroni's post hoc tests). C, One hour pretreatment of Tat-NR2B peptide at 200 nM has no effect on 10 M staurosporine-induced cell death of cultured YAC72 MSNs. Mean values calculated after subtraction of percentage apoptosis in staurosporine-untreated condition for each experiment (n ϭ 3; no significant difference between three groups treated with staurosporine by one-way ANOVA and post hoc tests). Ferrante et al., 1993; Chen et al., 1999; Zeron et al., 2002; . Attention has focused on NR2B-containing NMDARs, which are enriched in striatal tissue (Landwehrmeyer et al., 1995; Christie et al., 2000; Li et al., 2003) and show specificity for regulation by mutant huntingtin in heterologous cell lines and cultured MSNs (Chen et al., 1999; Zeron et al., 2001 Zeron et al., , 2002 Song et al., 2003; Tang et al., 2005; . Here, we demonstrate that huntingtin associates with SAP102 and polyQ expansion in huntingtin increases interaction between NR2B-containing NMDARs and PSD-95. Moreover, a peptide that interferes with NR2B binding to SAP102 and PSD-95 rescues the increased NMDA-induced toxicity in MSNs expressing polyQ-expanded htt, restoring excitotoxic susceptibility to WT levels. Together, our results provide evidence that the NR2B interaction with MAGUKs plays an important role in enhanced excitotoxicity in YAC HD MSNs. Notably, the peptide used in our studies to uncouple NMDARs from SAP102/PSD-95 has been shown previously to protect against ischemic neuronal damage in a rodent model of stroke (Aarts et al., 2002) .
Modulation of NMDAR surface expression by PDZ domain interactions in striatal MSNs
PSD-95 family members interact with NR2A-and NR2B-containing NMDARs via binding of the PDZ1,2 domains to the C-terminal 4 aa of NR2 subunits (Kornau et al., 1995; Kim et al., 1996; Müller et al., 1996; Niethammer et al., 1996) . Previous studies demonstrate a critical role for this interaction in NMDAR: trafficking to the neuronal surface, synaptic localization, and signaling to cell death pathways (Sattler et al., 1999; Roche et al., 2001; Prybylowski et al., 2005; Sans et al., 2005) .
PSD-95 binding to the NR2B C-terminal tSXV motif reduces endocytosis from the surface (Roche et al., 2001 ) and stabilizes NR2B-containing NMDARs in the synapse (Prybylowski et al., 2005) . We previously published that mutant htt expression alters steady-state NMDAR distribution by enhancing forward trafficking to the surface rather than reducing removal and degradation of receptors from the surface , making it unlikely that PSD-95 plays a role.
The interaction of SAP102 with NR2B regulates delivery of NMDARs to the plasma membrane (Sans et al., 2003) , raising the possibility that the SAP102/htt interaction is involved in accelerating NMDAR surface delivery in YAC72 MSNs. We speculate that a reduction in the SAP102/NR2B interaction with TatNR2B9c treatment contributes to the decrease in NMDAR surface expression; however, the similar reduction in WT and YAC72 MSNs indicates that htt polyQ length does not influence the MAGUK/NMDAR interaction that modulates receptor surface expression.
A previous report suggested that Tat-NR2B9c had no effect on NMDAR surface expression in cultured hippocampal neurons; that study tested only a 50 nM concentration (Aarts et al., 2002) , which also did not alter NMDAR surface expression in cultured MSNs (data not shown). However, at higher concentrations (1 M), which we have shown are effective in uncoupling PSD-95/SAP102 from NR2B in live cultured MSNs, NMDAR surface expression was significantly reduced.
Interaction of PSD-95 with NR2B modulates mutant htt enhancement of NMDAR apoptosis PSD-95 binds directly to htt, and binding is reduced with increasing htt polyQ length (Sun et al., 2001) , leading to the hypothesis that expression of polyQ-expanded htt could augment the NR2B/ PSD-95 interaction. Here, we show increased amounts of PSD-95 coimmunoprecipitated with NR2B from YAC HD mouse striatal tissue, providing direct evidence for an altered NR2B/PSD-95 interaction. Previous work showed that glutamate-induced excitotoxicity in an NMDAR-transfected neuronal cell line is enhanced by mutant htt expression (Sun et al., 2001) and that this toxicity is influenced by PSD-95-dependent src family kinasemediated NR2B phosphorylation (Song et al., 2003) . However, these studies did not directly demonstrate that interaction between NR2B and PSD-95 contributed to mutant htt-enhanced excitotoxicity in striatal neurons.
We have shown that pretreatment of live, cultured MSNs with a peptide that significantly reduces (by ϳ50%) the interaction between NR2B and PSD-95/SAP102 also decreases NMDARmediated apoptosis in YAC72 and YAC128 MSNs to WT levels. This effect was specific for NMDA excitotoxicity, because TatNR2B9c had no effect on staurosporine-induced apoptosis. Notably, the peptide effect on NMDAR surface expression was found equally for WT and YAC72 MSNs, whereas the effect on toxicity was exclusive to YAC HD MSNs and not observed in WT MSNs. Therefore, we propose that the Tat-NR2B-mediated reduction in NMDA-induced apoptosis is predominantly a consequence of uncoupling NMDAR activation from downstream, cell death-signaling proteins that would normally be anchored near the receptors by PSD-95 or other MAGUKs. Based on the known association between PSD-95 and the cell death-signaling protein nNOS and our data showing increasing NR2B/PSD-95 coassociation with htt polyQ expansion, we hypothesized that the NR2B/ PSD-95/htt complex (rather than NR2B/SAP102/htt) is critical for enhanced excitotoxicity in the YAC transgenic HD mouse model. Indeed, siRNA knockdown of PSD-95, but not of SAP102, reduced NMDAR-mediated toxicity in YAC72 MSNs, with no effect in WT, a result similar (and not additive) to the effect of Tat-NR2B9c. These data are consistent with a critical role of the NR2B/PSD-95/htt complex in enhanced excitotoxicity in mutant htt-expressing MSNs.
The fact that inhibition of nNOS also mimicked the protective effect of Tat-NR2B9c and that its protection was not additive to that of the Tat-NR2B9c peptide suggests a role for nNOS in enhanced NMDA excitotoxicity in YAC72 and YAC128 MSNs. However, Tat-NR2B9c failed to influence NMDA-stimulated nNOS activity (reflected by cGMP production) in either WT or YAC72 MSNs. We conclude that nNOS activation by NMDA occurs independently of PSD-95/NR2B interaction and cannot explain the protective effect of Tat-NR2B9c on excitotoxicity in YAC HD MSNs. Conversely, NMDAR-activated signaling pathways that depend on NMDAR/PSD-95 association may converge with those that involve NMDAR-mediated nNOS activation in the same final pathway that mediates enhanced excitotoxic vulnerability of YAC HD MSNs; if so, inhibition of just one of these upstream pathways may be sufficient to abolish enhanced toxicity.
One possibility for nNOS-independent, PSD-95-dependent NMDAR cell death signaling is through the phosphatase calcineurin, which is involved in induction of the mitochondrial permeability transition and release of apoptotic factors (Springer et al., 2000) . Calcineurin and PSD-95 are linked through binding with A-kinase anchoring protein (AKAP79/150) (Colledge et al., 2000; Bhattacharyya et al., 2009 ). Moreover, NMDAR-induced calcineurin activity is enhanced in mutant htt-expressing striatal cells, and inhibition of calcineurin protects against excitotoxicity better in mutant htt-expressing than WT cells (Xifró et al., 2008) . Another apoptotic pathway downstream of PSD-95 is through binding to synaptic Ras-GTPase activating protein, known to regulate synaptic plasticity and neuronal apoptosis through p38 -MAPK signaling (Kim et al., 1998; Rumbaugh et al., 2006) . Notably, NMDARdependent p38 activation relies on neuronal context and is disrupted by Tat-NR2B9c (Soriano et al., 2008) . Additional experiments are required to fully elucidate signaling pathways mediating enhanced excitotoxicity in YAC HD MSNs.
The highly homologous MAGUK proteins SAP102 and PSD-95 both bind NR2 subunits and associate in a complex with htt yet show differential interactions with polyQ-expanded htt and play distinct roles in mhtt-induced alterations of NMDAR trafficking and signaling. Although PSD-95 and SAP102 bind NR2 and htt through PDZ and SH3 domains, respectively, other regions of these MAGUKs likely affect the strength of this binding. Both PDZ1 and PDZ2 contribute to MAGUK interactions with NR2 subunits (Kornau et al., 1995) , whereas regions upstream of the NR2 C-terminal PDZ ligand, which differ between NR2A and NR2B, contribute to interaction of these subunits with PSD-95 (Cousins et al., 2008) and may explain differences in strength of binding to various MAGUKs (Cui et al., 2007) . Similarly, sequence differences around the SH3 domain of PSD-95 and SAP102 may contribute to differential interaction of these two MAGUKs with the polyproline of htt.
Role of NR2B interactions with PSD-95 family members in HD
In the YAC transgenic mouse models expressing human htt with expanded polyQ, the middle-age onset of motor and cognitive deficits, along with neuronal degeneration that is relatively striatal MSN specific (Hodgson et al., 1999; Slow et al., 2003; Van Raamsdonk et al., 2005) , are tightly linked with enhanced susceptibility to NMDAR-mediated excitotoxicity; mice expressing htt with 128 polyQ truncated after exon 2-("short-stop") or modified to eliminate cleavage by caspase-6 ("C6R") (Graham et al., 2006b )-lack the HD motor and cognitive phenotype, show no striatal degeneration, and are resistant to NMDAR-mediated toxicity. However, because of the adverse side effects associated with direct NMDAR inhibition, therapy targeted to proteins or molecular mechanisms that mediate the enhanced NMDAR death signaling in HD may be more specific, effective, and have fewer side effects. The fact that the TatNR2B9c peptide eliminated the excess NMDAR toxicity in YAC72 and YAC128 MSNs without affecting cell death in WT MSNs suggests that uncoupling NMDARs from PSD-95 (and/or other MAGUKs) may be a target for therapy in HD.
